CURRENT MODEL FOR MIRNA BIOGENESIS
In their seminal paper published in 1993 (Lee et al. 1993) , Ambros and colleagues made the first report on a miRNA (lin-4 RNA) and provided important clues toward the biogenesis mechanism. They described the precursor of lin-4 RNA, which is approximately 70 nucleotides in length and is predicted to fold into a hairpin structure (Lee et al. 1993) . It was later found that this precursor (referred to as "pre-miRNA") is processed by an RNase III type enzyme, Dicer, to generate approximately 22-nucleotide miRNA (Grishok et al. 2001) . The subsequent discovery of abundant miRNAs in 2001 offered a plethora of information that paved the way for further studies on miRNA (Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 2001) . One of the interesting findings was that approximately 50% of miRNAs are located in close proximity to other miRNAs (Lagos-Quintana et al. 2001; Lau et al. 2001; Mourelatos et al. 2002) , which raised the possibility that these clustered miRNAs may be transcribed from a single polycistronic TU. Indeed, our detailed analysis of miRNA gene expression demonstrated that the clustered miRNAs are generated as polycistronic primary transcripts (pri-miRNAs) (Lee et al. 2002) . Because primiRNAs are much longer than the approximately 70-nucleotide pre-miRNAs, it became clear that there must be an additional processing event prior to Dicer processing. We were able to establish an in vitro miRNA processing assay using human cell extract and proved that the additional processing indeed takes place. We also demonstrated that the catalytic activities for the first and the second processing are compartmentalized into the nucleus and the cytoplasm, respectively (Lee et al. 2002) . Thus, pre-miRNA are made in the nucleus and should be transported out of the nucleus for the cytoplasmic processing to occur. These observations led to the current model for miRNA maturation ( Fig. 1) (Lee et al. 2002) .
Genesis of miRNA begins with transcription by RNA polymerase II (pol II) (Cai et al. 2004; Lee et al. 2004; Kim 2005) . Like other pol II transcripts, pri-miRNAs are both capped and polyadenylated, although these structures do not appear to be important for miRNA processing. The main advantage of pol II-dependent transcription is that miRNA gene transcription can be modulated by a variety of pol II-associated transcription factors so that miRNA expression can be controlled elaborately at the transcription level. For instance, myogenic transcription factors such as MyoD, serum response factor, Mef2, and Myogenin were shown to regulate the transcription of muscle-specific miRNAs such as miR-1 and miR-206 (Zhao et al. 2005; Rao et al. 2006) . pri-miRNAs are usually more than several kilobases long and often exceed 10 kilobases. Thus, precise processing is pivotal to ensure the production of mature miRNA. The initial processing that occurs in the nucleus is known as "cropping" and is catalyzed by a member of the ribonuclease III family (RNase III) named Drosha (Lee et al. 2003) . Drosha requires a cofactor known as DGCR8 for its activity (Gregory et al. 2004; Han et al. 2004; Landthaler et al. 2004 ) (known as Pasha in Drosophila melanogaster and Caenorhabditis elegans; Denli et al. 2004) . PremiRNAs then exit the nucleus via the action of exportin-5 (Exp5) (Yi et al. 2003; Bohnsack et al. 2004; Lund et al. 2004) and are processed by Dicer, a cytoplasmic RNase III Figure 1 . Model for miRNA biogenesis. miRNA genes are transcribed by a RNA polymerase II to generate the primary transcripts (pri-miRNAs). The initiation step (cropping) is mediated by the Drosha-DGCR8 complex (also known as Microprocessor complex). Drosha, as well as DGCR8, is located mainly in the nucleus. The product of the nuclear processing is ~70-nucleotide pre-miRNA, which possesses a short stem plus ~2-nucleotide 3′ overhang. This structure may serve as a signature motif that is recognized by the nuclear export factor, Exportin 5 (Exp5). pre-miRNA constitutes a transport complex together with Exp5 and its cofactor Ran (the GTP-bound form). Upon export, the cytoplasmic RNase III Dicer participates in the second processing step (dicing) to produce miRNA duplexes. The duplex is separated, and usually one strand is selected as the mature miRNAs, whereas the other strand is degraded. In Drosophila, R2D2 forms a heterodimeric complex with Dicer and binds to one end of the siRNA duplex. It thereby selects one strand of the duplex.
nuclease, yielding the aproximately 22-nucleotide miRNA duplex Grishok et al. 2001; Hutvagner et al. 2001; Ketting et al. 2001; Knight and Bass 2001) . One strand of the duplex is subsequently loaded onto the RNA induced silencing complex (RISC), which actively executes the RNA silencing procedure (Khvorova et al. 2003; Schwarz et al. 2003) .
DROSHA AND OTHER RNASE III PROTEINS
Drosha was originally described as a gene that is located next to the RNase H gene in Drosophila (Filippov et al. 2000 ). An early study on the human Drosha homolog (initially referred to as human RNase III protein) showed that Drosha is a nuclear protein and that the knockdown of Drosha by antisense oligonucleotides results in the accumulation of rRNA precursors (Wu et al. 2000) . The main substrates for Drosha, however, were later found to be pri-miRNAs (Lee et al. 2003 ). We have not been able to detect significant accumulation of rRNA precursors when Drosha was depleted by RNAi (J. Han and V.N. Kim, unpubl.) . Thus far, no other RNA species apart from pri-miRNAs has been found to be processed in vivo by Drosha.
Drosha is conserved only in animals ( Fig. 2 ) (Filippov et al. 2000; Wu et al. 2000; Fortin et al. 2002) . Although plants express diverse miRNAs, they do not possess a Drosha homolog, suggesting that the miRNA biogenesis pathway is distinct in plants. In Arabidopsis there are four Dicer homologs, and Dicer-like 1 is known to be responsible for miRNA processing in the nucleus (Kurihara and Watanabe 2004) .
Drosha is a large nuclear protein of 130-160 kD (160 kD in human) with multiple domains (Fig. 2) . Drosha contains two tandem RNase III domains (RIIIDs) and a double-stranded RNA-binding domain (dsRBD). The amino-terminal portion of Drosha contains a proline-rich region as well as a serine/arginine-rich region.To investigate the biochemical role of each domain, we carried out mutagenesis studies (Fig. 2) . Deletions of the amino-terminal region that remove the P-rich region (ΔN220) and most of the RS-rich region (ΔN390) did not affect the enzymatic activity (Fig. 2) . The RS-rich region appears to possess the nuclear localization signal because the mutant ΔN390 fails to localize to the nucleus (J. Han and V.N. Kim, unpubl.) . The remainder of the mutants (ΔN490, ΔC432, and ΔC114) turned out to be inactive in our assay, indicating that the middle region, as well as the RIIIDs and the dsRBD, is required for pri-miRNA processing. Deletion of the middle region (ΔN490) and the RNase III domains (ΔC432) affected the binding activity toward DGCR8, indicating that DGCR8 interacts with Drosha through the middle region and the RIIIDs of the Drosha protein ). The RIIID is the catalytic domain that executes the endonucleolytic reaction. The dsRBD is a well-conserved motif in many dsRNA-binding proteins of diverse functions. The "P-rich" indicates a proline-rich region, whose biochemical significance remains unknown. The "RS-rich" indicates a region that is abundant in arginine and serine. The Drosha mutants were assayed for pri-miRNA processing, DGCR8 binding, and nuclear confinement, N/D, not determined. two catalytic sites cleaves each strand of dsRNA (Blaszczyk et al. 2001; Zhang et al. 2004 ). Both Drosha and Dicer form an intramolecular dimer of two RIIIDs, whereas class I enzymes containing a single RIIID make intermolecular dimers Zhang et al. 2004 ). The carboxy-terminal RIIID (RIIIDb), proximal to the dsRBD, cleaves the 5′ strand of the hairpin, whereas the other RIIID (RIIIDa) cleaves the 3′ strand. This "single processing center" model is supported by a recent structural study on a Dicer homolog (Macrae et al. 2006 ).
MICROPROCESSOR COMPLEX: DROSHA AND DGCR8/PASHA
Drosha forms a large complex that weighs about 500 kD in Drosophila (Denli et al. 2004) or about 650 kD in humans (Gregory et al. 2004; Han et al. 2004) . In this complex, known as the "Microprocessor" (Denli et al. 2004; Gregory et al. 2004 ), Drosha interacts with its cofactor, DGCR8/Pasha (Denli et al. 2004; Gregory et al. 2004; Han et al. 2004; Landthaler et al. 2004) . Neither recombinant DGCR8 nor Drosha alone is active in primiRNA processing, whereas combining these two proteins restores pri-miRNA processing activity, indicating that both proteins play essential roles in pri-miRNA processing (Gregory et al. 2004; Han et al. 2004 ). Both Drosha and DGCR8 are capable of oligomerization, although the functional significance of oligomerization remains unclear . The size of the complex suggests that Microprocessor may contain multiple Both RIIID and dsRBD are common in all RNase III type enzymes, although domain organizations are different in other RNase III proteins. The differences in domain organization are often used to classify RNase III type proteins. Class I proteins include RNase III proteins found in bacteria and yeasts. Each of them contains one RIIID and one dsRBD. Drosha homologs constitute class II and possess two RIIIDs and a dsRBD. Class III includes Dicer homologs that are conserved in Schizosaccharomyces pombe, plants, and animals. Dicer homologs are approximately 200 kD and contain multiple domains apart from two RIIIDs and a dsRBD. Dicer has a long amino terminus containing a DExH RNA helicase/ATPase domain, as well as DUF283 and the PAZ domain. The PAZ domain is also found in a group of highly conserved proteins, referred to as Argonaute proteins. Structural and biochemical studies suggest that the PAZ domain binds to the 3′ protruding end of small RNA (Song et al. 2003; Yan et al. 2003; Lingel et al. 2004 ). Deletion mutagenesis analyses showed that the amino-terminal region containing the DExH RNA helicase/ATPase domain is dispensable for its catalytic activity, whereas the DUF283 domain whose function remains unknown appears to be critical for processing, as the mutant lacking this domain (ΔDUF) lost activity in vitro .
RNase III proteins show a high degree of conservation in their basic action mechanisms. Two RIIIDs interact with each other to make a dimer. In the interface between two RIIIDs, a single processing center is formed, which contains two closely placed catalytic sites. Each of the copies of the components. Another non-mutually exclusive possibility is that Microprocessor may have other uncharacterized components that may regulate the enzyme activity. In fact, immunoprecipitation of Drosha protein yielded a number of other proteins apart from DGCR8 (Gregory et al. 2004; Han et al. 2004) .
The human DGCR8 gene (DiGeorge Syndrome Critical Region Gene 8) is located on chromosome 22q11 and is expressed ubiquitously from fetus to adult (Shiohama et al. 2003) . Monoallelic deletion of this genomic region is associated with DiGeorge syndrome (Goldberg et al. 1993) . It remains to be determined whether DGCR8 plays a role in DiGeorge syndrome. DGCR8/Pasha is an approximately 120-kD protein that contains two dsRBDs at the carboxyl terminus and a putative WW domain (also termed Rsp5/wwp) in its middle region (Sudol 1996) . To determine the functional domains of DGCR8, we generated deletion mutants of DGCR8 (Fig. 3) . A relatively small region of the DGCR8 protein (residues 484-750) was found to be sufficient to facilitate pri-miRNA processing in vitro. This minimal region of DGCR8 contains both the dsRBDs and the carboxy-terminal Drosha-binding domain. The amino-terminal region was not critical for processing but was shown to be important for nuclear localization of DGCR8. Because the WW domain is known to interact with proline-rich motifs (Macias et al. 2002) and Drosha is proline-rich at its amino terminus, it was initially believed that the WW domain of DGCR8 may interact with the P-rich region of Drosha. However, it turned out that the domain responsible for Drosha binding is located at the carboxyl terminus of DGCR8 (Fig. 3) .
DGCR8 is capable of direct interaction with pri-miRNA Yeom et al. 2006) . On the contrary, we could not detect any significant pri-miRNA-binding activity for Drosha in any of our assays (gel mobility shift assays, UV-crosslinking experiments, immunoprecipitations, and GST pull-downs) ). Thus, DGCR8 may be the primary factor that recognizes the primiRNA structure, whereas Drosha interacts with the RNA substrates only transiently during catalysis. In addition, DGCR8 appears to stabilize the Drosha protein through its carboxy-terminal Drosha-binding domain .
HOW DOES MICROPROCESSOR RECOGNIZE ITS SUBSTRATES?
Despite the similarities in their basic modes of action, RNase III proteins are different in their substrate specificities. Human Dicer tends to act on any dsRNA with a simple preference toward the terminus of the molecule and to produce approximately 22-nucleotide fragments progressively from the terminus Provost et al. 2002; Zhang et al. 2002) . The PAZ domain of Dicer interacts with the 3′ overhang at the terminus and determines the processing site in a ruler-like fashion that measures approximately 22-nucleotide segments away from the terminus (Song et al. 2003; Yan et al. 2003; Lingel et al. 2004; Macrae et al. 2006) .
Microprocessor also acts like a molecular ruler to determine the cleavage site . A typical metazoan pri-miRNA consists of a stem of about 33 bp, with a terminal loop and flanking segments. Drosha cleaves both natural and artificial substrates at a site about 11 bp away from the ssRNA-dsRNA junction (SD junction) (Fig. 4) . Manipulating the length of the outer stem affects cleavage-site selection, implicating the existence of a molecular device that measures the distance from the SD junction. A series of mutagenesis and biochemical analyses revealed that the flanking ssRNA segments are critical for processing . Our data also show that the terminal loop is rather irrelevant to pri-miRNA processing . We note, however, that primiRNA with a small loop is less active in processing. A large terminal loop may act as a flexible ssRNA and may contribute to tight binding to Microprocessor. It is also conceivable that a small terminal loop may impose structural constraints on the stem and affect processing.
DGCR8 interacts with pri-miRNAs both directly and specifically as determined by UV-cross-linking experiments . The flanking ssRNA segments are vital for this binding to occur and the stem of over 33 bp is also required for efficient binding. Thus, DGCR8 may function as the molecular anchor that measures the distance from the dsRNA-ssRNA junction.
Pri-miRNA processing may consist of two sequential steps; substrate recognition and catalytic reaction (Fig. 4) . First, DGCR8 may recognize the substrate by tight anchoring at the SD junction and interact with the approximately 33-bp stem. Drosha may not be in direct contact with RNA at this stage. After this "pre-cleavage" complex is made, Drosha may interact transiently with the stem, and the processing center of the enzyme may be located at about 11 bp from the SD junction.
Because some large terminal loops can be seen as unstructured ssRNA segments, pri-miRNAs may be considered to be of "ssRNA-dsRNA (~3 helical turns)-ssRNA" structure. Because this structure is rather symmetrical, Microprocessor appears to recognize the terminal loop as ssRNA and binds to the stem-loop in an opposite orientation. In this case, cleavage can occur at an alternative site (at ~11 bp from the terminal loop). The processing at this alternative site would be "abortive" because the cleavage product does not contain miRNA sequences in full. The efficiency of abortive processing is usually much lower than that of productive processing in pri-miRNA processing.
CONCLUSIONS
A number of expression profiling studies have been conducted in recent years, and they indicate that most miRNAs are under the control of developmental and/or tissue-specific signaling. miRNA expression may be regulated at multiple steps of RNA biogenesis. Imminent questions concern which step is controlled and how this control is achieved. Some miRNAs seem to be controlled at the posttranscriptional level. For instance, C. elegans miR-38 is expressed only in the embryo, whereas the precursor (pre-miR-38) is ubiquitously detected, indicating that the maturation of pre-miR-38 may be temporally regulated (Ambros et al. 2003a) . It is possible that the nuclear export of pre-miR-38 may be controlled by a certain developmental signal. Alternatively, Dicer processing may be repressed until a certain stage.
A more recent study indicated that posttranscriptional regulation of miRNA may be more extensive than previously anticipated (Thomson et al. 2006) . For instance, let-7 RNAs are expressed only in differentiated cells although their primary transcripts are abundant even in undifferentiated cells. In addition, the analysis of gene Figure 4 . A ssRNA-dsRNA junction anchoring model for the processing of pri-miRNA. DGCR8 may play a major role in substrate recognition by directly anchoring at the ssRNA-dsRNA junction. DGCR8 also interacts with the stem of ~33 bp and the terminal loop for a full activity, although the terminal loop structure is not critical for DGCR8 binding and cleavage reaction. After the initial recognition step, Drosha may transiently interact with the substrate for catalysis. The processing center (yellow circle) of Drosha is placed at ~11 bp from the basal segments. expression in human tumors showed that a number of miRNAs are down-regulated in cancer, although their primiRNAs are expressed at a relatively high level. These data suggest that the cropping step may be controlled dynamically during cell differentiation and tumorigenesis. It will be important to identify additional factors involved in the biogenesis pathway. For instance, the Drosha complex (Microprocessor) may contain additional components apart from DGCR8/Pasha, and the uncharacterized factors may regulate the activity and/or specificity of Drosha.
